Electrical properties of magnetic nanocontact devices computed using finite-element simulations We compute the electrical current flow and associated Oersted fields in magnetic nanocontact (NC) systems with finite-element simulations. Underneath the nanocontact, the current distribution is found to be mainly perpendicular to the film plane, while the flow is essentially in the film plane outside the nanocontact region. For circular nanocontacts, we provide criteria for which the cylindrical approximation remains valid for electrical flow in asymmetric rectangular devices. The nature of the current distribution, and the induced field, is a key to understanding spin-torque driven magnetization dynamics in such systems. V C 2012 American Institute of Physics.
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The possibility to control magnetization dynamics with a spin polarized current, through the spin transfer effect, 1, 2 has allowed the conception of numerous new spintronic devices such as magnetic nonvolatile memories and nanooscillators. In such devices, different kinds of magnetization dynamics can be induced, depending on the sample geometry, material parameters, and experimental conditions. 3, 4 Because appreciable spin transfer torques require large current densities, nanocontacts are often used to deliver currents to magnetic multilayer structures. This geometry allows for a large variety of magnetization oscillation modes [5] [6] [7] and the possibility to synchronize the dynamics induced by several point contacts attached to the same multilayer. 8 A key aspect governing the magnetization dynamics is the profile of the current flow and the Oersted field associated with it. [9] [10] [11] [12] In general, the real geometry of NC devices does not allow for a quantitative description to be possible by simple geometric considerations, 13, 14 even when cylindrical symmetry is present. 15, 16 Furthermore, the current profile also depends strongly on the different material conductivities in the material stack.
In this paper, we identify the relevant materials and geometrical parameters that govern the quantitative distribution of the three components of the current density and induced Oersted field NC devices. 7 We first investigate how the cylindrical symmetry of a NC is broken when considering real boundary conditions using full 3D simulations. We then define criteria to estimate the deviation from the cylindrical approximation. In the second part, we give a detailed description of the current distribution and induced field close to the NC and discuss the effects of the materials and shape of the NC.
The device studied is a circular NC formed through a 50 nm SiO 2 layer, supplying current to an extended spinvalve stack 17:2 lm wide and 27 lm long. The shape of the NC is a truncated cone, with radius r b ¼ 60 nm at its bottom and r t ¼ 110 at the top, top-contacted with a rectangular stripe. The current is extracted by a ground contact made on top of the spin-valve through a 10 lm by 17 lm opening, located at 11 lm away from the NC. The composition of the stack, from top to bottom, is (thickness in nanometers): Pt 3/Ni 80 Fe 20 A cylindrical approximation for the NC is often used for analytical calculations and simulations in order to minimize calculation time and power. Unfortunately for real devices, the finite dimensions of the spin-valve structure and the way contacts are made break this symmetry. We investigated how realistic boundary conditions affect the cylindrical symmetry of the NC using full 3D finite-element simulations (Comsol V R ). The lateral output surface of the ground electrode is constrained to 0 V and the top electrode is biased such that the current density is normal to its lateral input surface. The incoming current density corresponds to a total current of 1 mA. Without loss in generality, the spin-valve stack is assumed to have a uniform conductivity only in this part. Figure 1 represents the voltage distribution in the plane of the spin-valve taken at a depth corresponding to the middle of the free layer. The equipotential lines are almost circular around the NC and become progressively parallel to the ground plane. Consequently, the current lines are almost radial near the NC, as for a vertical line source. Since magnetization dynamics takes place in a small area around the NC, where the amplitude of the current density remains significant, we will restrict our study to a circular region, with a radius of 2 lm, around the NC. Let us use polar coordinates (r; h) centered on the NC revolution axes. Because the ground electrode ensures that the current is uniform far from the NC, a simple way to describe the real current close to the a)
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The difficulty involves evaluating the uniform contribution which is considered constant in the area of interest. For example, in the case of Fig. 1 , at the position (ÀL, 0) from the NC, the uniform contribution should counterbalance the opposite radial current to ensure no current flows outside of the device. In this case, we verify that DJ CIP ðrÞ % r=L. More generally, DJ CIP ðrÞ is proportional to 1=min fL; L 0 g. On the other hand, the boundary conditions force the current to be in the x direction at the lateral edges, and from the simulation, we check that D/ðrÞ is essentially linear with a slope equal to p=2l. These conditions can be used as a guide to estimate the deviation from a pure cylindrical system.
In contrast, the stack geometry and the boundary conditions do not significantly affect the distribution of the current perpendicular to plane (CPP), provided l, L, and L 0 are kept greater than % 2lm. Since the Oersted field is almost only due to the CPP current, it is essentially orthoradial. However, the non-radial part of the CIP current induces a small additional uniform in-plane field along the y direction. The amplitude and sign of this contribution depend on the depth in the stack and layers conductivities for a real spin-valve stack. In the case of uniform conductivity, its magnitude is about 8 A/m at the free layer (z ¼ À5.5 nm). This contribution causes a deviation from the cylindrical symmetry that increases almost linearly with r, reaching around 10% at 2 lm from the NC in the film plane.
We conclude that the cylindrical approximation for the NC is good to first order, because the average in-plane current density decreases with a 1/r slope, like the Oersted field far from the NC. At second order, it is possible to improve the accuracy of the cylindrical approximation using the corrections proposed below.
The cylindrical symmetry approximation reduces the computational overhead and allows us to compute the depth profile of the current in the stack. For this, we considered a lateral cut of the device from the center of the NC to a distance of 2 lm without the top electrode. The NC is biased with a 1 mA current normal to the top of its cone, and the opposite edge of the cut is set to the ground potential. We now use the real spin-valve stack, with conductivities listed in Table I . Figure 3 shows the current distribution in the sample taken at the middle of the free magnetic layer (Fig. 3(a) ) and at the middle of the pinned layer (Fig. 3(b) ). The CIP current is almost zero below the NC and reaches a maximum within 10 nm of the contact edge. Outside of the NC, the current is radial, decays inversely with the distance, and its distribution in the thickness is almost uniform in each layer. It follows that the different layers can be considered as parallel conductors, where J CIP in each layer is simply proportional to the layer conductivity divided by the mean conductivity of the entire stack. The shape of the NC (varying r t between r b and 200 nm) has no effect on the in-plane current distribution outside of the NC (not shown). However, it modifies, more or less depending on the layers conductivities, the distribution of CIP current within the top layers near the NC edge. For a cylindrical NC (r t ¼ r b ), the current profile is mostly CPP at the interface between the contact and the stack, and a CIP component appears near at the edges of the NC as the current diffuses away from it. However, opening the cone angle of the NC (r t > r b ) focalizes the incoming current in (50) 7.00 18 the stack, which leads to a reduction in the CIP component in the region just underneath the NC and an increase of the maximum at its edges. In contrast, the CPP current distribution is more complex and no simple analytical approximations can be made. J CPP is restricted below the NC, decaying extremely fast outside. Hence, it is mostly unaffected by the boundary conditions, but its radial distribution below the NC is not uniform, leading to a localized CPP torque. In the top layers, a maximum occurs near the NC edge ( Fig. 3(a) ). This maximum becomes less pronounced as we move deeper into the stack away from the top contact (Fig. 3(b) ). The magnitude of J CPP decreases almost linearly with the depth and reaches zero at the bottom of the stack. The rate of decay in each layer depends on its conductivity. The shape of the NC significantly alters the J CPP distribution, depending on the conductivities of the constituent layers. For the conductivities used, there was almost no variation, but for a stack with uniform conductivity, it leads to appreciable changes. When the opening of the NC cone (r b ) decreases, the CPP current amplitude increases below the center of the NC and decreases at its edges, leading to a more uniform distribution. This variation counterbalanced the variation of the CIP component already mentioned. Then, naturally as for the CIP current, the influence of the shape of NC on the J CPP distribution is reduced if the cap layer possesses a large conductivity.
The nonuniform distribution of J CPP results in a nontrivial spatial profile for the Oersted field, which is very different to that obtained assuming an infinite (or finite) current cylinder, I Py CPP =2pa ðr=a for r < a; a=r for r ! aÞ, as shown in Fig. 4(a) . I Py CPP is the integrated CPP current in the depth of the considered layer. One important difference from the infinite cylinder is that close to the NC, the Oersted field decreases with the distance r less rapidly than a 1/r slope. This is partially due to the strong CIP current at the edges that induces an additional positive contribution in the top layers. Moreover, the amplitude and distribution of the Oersted field are sensitive to the conductivities of the different layers, as shown by the different distribution found for a stack with a uniform conductivity (Fig. 4(a) ). Fig. 4(b) shows the distribution of the Oersted field inside the spin-valve stack. Its distribution in the different layers reflects the variation of the CPP current with respect the thickness. Hence, the thicker the magnetic part of the stack, the more non uniform the field will be.
In summary, we have presented detailed finite-element simulations of the electrical properties of magnetic nanocontacts. We have shown that both CPP current and Oersted field are well described using a cylindrical approximation, in the region of interest for the magnetization dynamics. In contrast, the CIP current is more affected by the geometry. As a result, the CIP current can add a small uniform in-plane contribution to the Oersted field. We have defined some criteria for which the cylindrical symmetry of the NC can be used and proposed corrections to include the effect of the lateral contacts. By applying this method, a depth-resolved distribution of the current and Oersted field has been obtained. We find that the CPP current is nonuniform and largely limited to the NC region, leading to a localized CPP transfer torque. An important consequence of the complex current distribution involves the induced Oersted field, which decays slower than the inverse of the radial distance from the NC. 
